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J1’1, has rc.ccntly  discovcmd  and dc.rnons(ra(cd a
bal loon buoyancy cont ro l  conccp(  which is
applicable 10 scvcr:il  planets. ‘J’llis conccp( crnploys
lhc ccrn(rol of phase ch:ingc flui(ls such that a planc[’s
a(mosphcrc  is usc(i as a giant lm[ engine 10 provide
the ]nobili[y c.ncrgy 10 ascend and dcsccnd  at will.
lluoyancy  control by means of rcvcrsiblc  fluids was
init ial ly conccivcd for VcnLls  wllcrc  lhc lligl]  su!facc
tcn~pcrat L]rcs (460°(1)  and pmssurcs (92 ba[s) arc a
scvcrc. challcngc  10 space sys(cms and scicncc
instrulncnts. I’his harsh Venus c.nvimnmco[ has
prcvcnlcd  a n y  lon~,-dura(ion,  (iilccl intcl)sivc
exploration of lhc surface and dccIJ  a[mospt]crc.
l’bcsc  conditions also present an opportunity 10
cxploil t h e  e n e r g y  a v a i l a b l e  f r o m  IIIC Iargc
lcmpciklurc  ctiffcrcncc hclwccn  the surfmc. and lt]c
cooler upper mmsphcrc. In  1993,  cnginccrs  al lhc
Jet Propulsion I.aboratoly  in Pasadc.rla,  California,
began dcvclopinp, and Ics(ing a concc.p[  for a long-
Iifc, automalcci, variahlc  alti(udc  (mlloon sys(cIII f o r
Venus using reversible fluid buoyancy con(rol
lcchniqucs.  Such a syslcm  would dcsccnd  10 lhc
surface for shor[  excursions fIonl [tic cool, higtl  -
alti(uctc  clouds. I’assivc, f ree- f l i~ht  lcrrcslrial
cxpcrimcnts  arc underway using prototype vclliclcs
in a program of l{arlb demonstrations called tl]c
Atti(udc  ~ontrol l~xpcrimcn( 01 Al 10{. ‘1’hc Al ,10~

cfforl tlas i n c l u d e d :  [IIC dcvclopmc.nl of a nc.w
rcvcrsiblc  fluid al(itu(ic  control tt~crll~()(iyl]ail~ic  and
ac~cdyllamic  balloon pc.1 forlllancc  model, gas and
cnvc]o]m  m a t e r i a l  ltlc]l]lo(ly]]ali}ic  paramc(cr
n]casulumcnls  ((1, 8, and ‘r ), ma(crial  compatibility
s[uctics, ftigl)l C]ualiflcalion  of conlmcrcial  radiosondc
for lonp-dut-alien ancl low (cmpcra[urc  opcra[icrn,  and
the dcs Ign, fabrica(io]l  and (cs[ing of R 114 heat
cxchan[’crs  ‘1’hc rcsul[s  and ltlc curlclll  slal LIs of lllc
A l  ,1(:1; projccl  and i ts cic]lloilsll”:ili(~r~s  alc sLllll  -
marizcd. I;ig.  1 illos(l ales IIlc concept of rcvcrsihlc
fluid balloon altiludc coll[rol  for Venus. (Ref. 1,2)

~cvf~lsit)lc  ]illli(!  Mt!loon

Al(jlU(tc  cotllrol .’I’cctl nology

I’hc  kcy tccbnology to enable long term, periodic
surface c.xploration of Venus and o(hcr  planets by
balloonf  is attilu(tc  COIIIIOI  w i t h o u t  I)atlas[ing  o r
buoyancy gas rclcasc. ‘1’llc usc 01 Icvcrsib]c  fluids is
onc vcIy promising candida(c  for al(itudc  con[rol of
balloo]l~. A rc.vc.l  sib]c. fluid is ci[hcr a gas or a
liquid, depending on l)rc.ssLlrc  and (cmpcra(L]rc.  1( is
this phase change whictl  can bc used to control the
buoyancy of  a  bal loon systcln.  “1’hc cboicc of
rcvc.rsit)lc  fluid dc.tcrmiincs tbc equil ibrium al[itodc
about w h i c h  ttlc b a l l o o n  sys(cm will oscilln[c
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indc,finik]y. If the liquid is scaled in a pressure
VCSSC1  before the balloon drops below this
cquilibrirrm  altitude, the balloon will dcsccnd all the
way to the surface. In order to control altihrdc  range
and cxprilibrium  lCVCI,  a primary balloon frllcd with
helium or hydrogen can bc combined with a
secondary buoyancy-control balloon filled will)  a
rcvcrsiblc fluid that allows us to go LO a high, cool
equilibrium altihrdc.  Rcvcrsiblc  fluid allitudc  control
systcrns arc feasible in any atmosphere where both
pressure and tcmpcratrrrc  dccrcasc  with increasing
ahitwtc  such as Mow the tropopausc  at Earth.

‘l?rc ApQl@Uion  Qf BakWr
MQYA!WCQ!M-
cnus and Ottwr Planc~

By controlling vertical mobility, automa[cd  balloons
can SCM aliitudrs  where wind spr+zds and directions
provide thcm wide range horizontal mobility and
landing site accessibility. Wc term balloons with this
robotic capability “acrobots”.  Acrobcms may bc
especially useful at Venus where rich altitudc-
variab]c  wind gradicnls enable near global planetary
access. onc fcalurc of the thick Venus atmosphere is
its opacity  in visible wavelengths which may
prccludc visible surface imaging cxccpt very CIOSC
(<5 km) to the surface. A Venus acrobot  spcrrds
rnos[ of iL$ life in the upper, cooler atmosphc.rc  wilh
frequent, short excursions near or to the Venus
surface for .scicntific investigations and observations.
Venus acrobot  concepts include systems which can
rc.pcatably  bob up and down bctwccn lower, hotter
altitudes where surface scicncc  mcasurcrncnts  arc
possible to higher, cooler altitudes where phase
change materials can rcfrcczc  and where data can bc
transmitted to EWth.

Such vchiclcs  must transverse a wide range of
environmental conditions from the harsh surface to
the sulfuric acid containing clouds in the cooler
upper atmosphere. Soft landing of the scicncc
payloads on planet surfaces can bc achicvcd by
means of a ftcxiblc  and possibly robotic landing
“snake” tcthcrcd below the vchiclc. Robotic snake
concepts have been proposed for Venus which usc
ambient ahnosphcrc  in a pncumalic  control systcm to
achicvc  desired articulation. As the snake. contacts
the surface, it rclicvcs  the vchiclc  of some of its
gravity load. Ibis enables the gondola to “hover” at
a fixed distance away from the surface without
impacling  it. The kcy to long duration, cyclic deep
atmosphere operation at Venus is altitude control. A
variety of rcvcrsiblc  fluids arc avai]ablc  for altitude
control at Venus including met hylcnc chloride, wale.r
and ammonia and many mixtures just now being

s[udicd

A ‘l’i[al I acrobot  cqu ippcd with rcvcrsib]c  fluid
buoyancy control syslcms  would bc able to safe.ly
and rcpc~tcdly  explore the. poshdatcd icc continents
and methane oceans Mow the pcqrclual  haze layers,
rccc.ntly  rcvcalcd by the }Iubblc  Space T’c.tc..scopc IR
observations. I’itan’s  atmosphere provides an
cxccllci  IL opporltrni[y  for a rcvcrsiblc  fluid syslcm
similar in conccp[ to Vcmus although using much
diffcrcrlt  fluids. onc fluid under consideration for
I’itan  is Argon. Sinlilril  acrobot technologies apply
to other bodies with deep atmospheres, such as
Jupiter, Saturn, Ncphmc,  and Uranus. (Ref. 3)

MI\@. MrrrlJlx-pcrinlcn[
~ALI.Ctl).1.E!oQnskationS

Hccausc the Venus high-altitude a[n]osphcrc.  is
similar to the Earth’s in tcmpcraturc  and pressure, WC,
can dcrnons[ra[c rcvc.rsiblc-fluid  allitrrdc  control
tclhnology  in our own atmosphere. Fig. 2 is a Van’t
}Ioff ]]lot showing the Venus high-altitrrdc
atmosphere model along with a typical profile for
Firth’s  lower ahnosphcrc.
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Fig. 2. Coniparison  of Venus
lligh-altitude and Earth Atmospheres

‘kchnology demonstrations arc underway at JP1.
under the Altitude Control Experiment (or Al .lC}i)
project In this projccl,  a very small (total syslcm
mass <3 kg) two-balloon systcm  is being tcstc.d.  I’hc
primary’  balloon is filled with helium and the
buoyancy-control balloon is filled with a commercial
refrigerant called RI 14, which is aboul  7-tin~cs
hcavic!  Lhan air. AL liarih atmospheric conditions,
R] 14 lwcomcs  a liquid above about 4000 to 7000
meters depending 011 weather conditions. A typical



AI.lCE balloon systcm include.s a helium balloon,
radiosondc and J?114 buoyancy -conlrol balloon.
Both rubber latex and clear  polycthylcnc  helium
balloons have been flown. ‘l>hc radiosondc.  is a
sli@Jy  modified commercial unit which provides an
8 channel capability for balloon tclcmctry  in addilion
to the normal pressure, ambient tcmpcraturc  and
humidity nwasurcn~cnLs. The R 114 balloon or bag
(since i[ hangs from tbc systcm) is constructed from
clear, 2-roil thick, seamless, 3 feet-wide lay-flat
polyclhylcnc  film which is heal scaled to achieve the
proper bag configuration. The balloon syslcm  in the
most rcscnl flights is fully instrumented to
continuously monitor lhc tcrnpcra[urcs  of the helium
gas and the RI 14 as il changed from a gas to a liquid.
These lcmpcraturcs arc measured by very small
(14x20 roil) thermistors some of which arc in
protective gold-plated cages to rcducc the cffczt of
solar radiation on the lcmpcral  urc nmrsurcmcnts

‘1’hc first lwo tests employed standard 200-300 g
rubber lalcx helium balloons which were launched
during the day. In both Jlights  the balloon ascent
rates were seen to slow at a higbcr than cxpcctcd
condensation altitude, however, the balloons did not
c.xhibit oscillatory behavior. Noted the sharp
discontinuity in vertical ascent rate duc to the fluid
condensation and col]apsc  of the R114 bag in Fig. 3.
Extensive balloon thcrtnodynamic  and acrcrdynamic
modeling and balloon cnvclopc thermodynamic
parameter testing suggcs[cd several problems
including bighcr  than cxpcctcd solar hc.sing of the
helium balloon (causing grwrtcr lift).

The third flight of this concept began after sunscl  in
order to JxMcr dccouplc model parametcxs  relating to
cf(ccts  of forced convection and drag. This third
flight was identical to the firs[ two flights cxccpt  that
the balloon systcm  was fully instrurncntcd  to
continuously monitor helium tcmpcrahrre  and R 114
tcmpcraturc  as it change phase from gas to liquid.
After reaching about 6500 m altitude the balloon
dcsccndcd as prcdictcd by performance model
estimates. Tclcmctry was lost at about 2600 m as the
balloon systcm  dcsccndcd below a mountain range
(SCC  Pig. 4). Rc-ascent before impact was prediclcd
to bc unlikely for this flight bccausc  the ~uilibrium
altitude during February was only about 4000 m and
the R114 bag did not incorporate a heat cxchangcr  to
facilitate liquid tilling.

~’hc fourth flight, Al .ICE O/J), had two ncw fczmrrcs,
namely, a 0.8 mil clear polycthylcnc  helium balloon
and an integrated heat exchanger, which facilitates
fluid boiling at low altitudes, built into theR114 bafi.
J~ig.  S and 6 illustrate the balloon systcln

configuration and the dc.lails  of the hca[ cxhangcr
construction. “1’bc.  tolal balloon sysicm mass was
about 3 kg (SCC Table 1 for a dc,tailcd  mass
brcakdt)wn  of this systcm).  At 9 p.m. the nighl  of
July 24, 1994, the balloon systcm  was filled with
buoyan( gases, assembled to its tclcmctry  syslcm,  and
rckziscd  into the clear nighl sky from the foothills
above J}’ I.. The. balloon systcm was tracked
throughout Lhc. night as it ftcw over San Gabriel
Mount;iins,  Mojavc  IJcsc.rt. I t  w a s  sighlcd  a t
daybreak the ncx[ day al Daylighl  Paw on tbc north-
east rim of Death Valley. Ground vehicle chase
tcrminatcxt  al aboul 8:00 am as the balloon ftcw over
Ncllis Air Fore.c Range and Nevada Nuclear Test
Site. I lata acquisition continued unlil  loss of signal
occurred at 11:20 am July 2.5 as the balloon pascd
over tl,c horizon. The 14 hours of tracking data
contail  IS vahrablc  information on balloon dynamic
and thermodynamic conditions. Four complctc
oscillations bctwccn 5 and 9 kilomclc,rs  in altihrdc
were rccordcd. I~ig. 7 shows mission profile from
this Al .ICE O/D flight conducted in the CA/NV
dcscrl; the thin line. is actual data with the post-flight
model fit shown as a hold line. The bottom altitude
profile is the topogi  aphy under the ground track and
the middle Iinc shows cslimatcd  updrafls  and down
drafLs during the flight. onc complctc  oscillation
occur[cd after sunrise which should provide
impcmant  insights into lhc performance of this ncw
dcsigil  during the dfiy.

Tab]c 1. AJ .lCti O/tI Mass Rrcakdown

_~)lnm
}lcliull~  Balloon Systcm 919

IIclium  J3alkron 815
}Iclium Balloon l;ill  Plug 75
IIclium Gas q’cmp. J’robe 29

Radio\ondc  Assembly 472
Radiosondc 1 7 3
Batteries 140
h~isccllanccms 86
s trobc 73

R 114 Bag Asscn~bJy 206
}’ol ycthylcnc Rag 157
1 cmpcraturc  Probes 36
hlisccllancmrs 13

Ruoyiincy  Gases 1409
Jlcliurn 409
R 114 I:rcmr 1000

Total Flalloon Systcni  Mass 3006

Achud flight data compared favorably with pre-
launch model cs[imatcs of balloon behavior (Rcf.4).
The ]ncx!cl  estimate. of the. first peak altitude was

3



9700 m compared to the 9833 m acmally  seen. q%c
frcqucrrcy  of oscillation was somewhat higher than
prcdictcd  duc possibly to the usc of a spherical
helium balloon aerodynamic rnodcl.  The. helium
balloon actually was mrrrdrop  shaped which has less
drag than a sphere. The prc.-launch  model also
assumed a somewhat lower helium balloon leak rate
than measured right before launch (-8 g of cquivalcnl
frtx lift vs lhc rncasurcd  value of -12 g). The prc-
Iaunch  model showed the balloon rising to burst
altitude after sunrise. This did not occur probably
duc to the actual higher helium balloon Icak rate.
Uig. 8 ilhrstratcs  the model estimate of the change of
phase of R 114 all through the flight. Fig. 9 shows
the aclual tcrnpcraturcs  rccordcd  during the flight for
the ambient air, helium, RI 14 gas and R] 14 liquid.
Final 1 y fig. 10 compares t.hc model estimate of
helium tcmpcraturcs  wilh actual flight values. The
general higher actual values arc probably duc to the
fact tha[ lhc thcrmis[ors for this flight  were black,
having not been coated bc.usc  this was planned as a
nig}lt  flight.

Table 2 dcscribcs  the issues and problems which
have. been considered in the design of the AI.ICE
hardware and incorporatcxt  into the flight dynamics
models.

Table 2. A1.ICE. Balloon
Systcm  Iksign  Issues

1. l’hcrm~vna mics Modeling
- ‘Hrcrmodynamic  parinmtcrs  and

c.haractcristics  of balloon cnvclopc
and gaws (absorptivity, emissivity
and transmissibility, IR cmimmcc)

- Balloon gas ccmvcclion
- Condensation and evaporative cooling
- Ambicru atmosphere convection
- Thcmlal  capacitance time tags
- Radiation to dark space
- Earth IR
- Solar radiation heating of helium, RI 14

gas/tiquid  and balloon cnvclopcs

2. tikr Radiatis!n  EffccLs
- Tcmpcraturc  mcasurcmcnt  corruption

duc to thermistor heating
- Gas/cnvclopc heating (SCC above)

3. &~~hcric op~
- Clouds (above or below balloon)
-1 lazes

4. R~ron  Ikrvclo~, Pcm~cabiJi~.
-1 Iclium through polycthylcnc  and rubber

la[cx  balloons

5.

6.

7.

8.

9.

10.

11.

12.

- RI 14 lhrough  polyclhylcnc
- Ambient atmosphere (including water

vapor) through Polycthylcnc
- ‘l”cmpcrahuc,  ]mcssurc,  and material

thickness cffccL$
- Buoyancy loss and gas Icakagc.

MMifiLtitilsl~X.gn~  r]]crcial Rad iQW@X
- Extended lifetime with additional

bat[crics
- Thermal control qualification for

cxtcndcd flight duration
- Thermal sensor data acquisition circuiry
- RF intcrfcrcncc.  mitigation

Acrody!MNi~l@@llg
- Helium balloon shape/size
- Ovcrali balloon sys[cm configurations

(tclhc.r  lcnglhs)
- Turbulent vs. 1 .arn inar flow regimes

lJIM!M!MQw!!-drafl MfWi

_nlMJM!m~!.  $YSWMM2M

D!MKKd BLtQYa!!GY-@aMMwx,.
lQ~QY3!!!!Y (dCl~idUK?Y~!KY]

mAQfL_arld..Y.crLiM!M@c!
Prcdicli~
- Effect on gfourd tracking
- I ocal topography effects

~~lcrial&Ql~JqIjlljL&.@  114 with
polycthylcnc)

-r’._hcal.Qn&r  cnhan~mcnt  by-

Fututc passive, free,-flighl tests will demonstrate
revel siblc fluid ahitudc control during daylighl  tests.
In addilion,  an optical navigation sensor prototype
with GPS measure.mc.rrt capability will bc includul  so
that navigation simulations can begin of a Venus
protf)typc.  I;ollow-on larger, (-15-30 kg) controlled,
balloon demonstrations will test manual and
automatic altitude controllability, global circum-
navij:ation  and landing tc.chniqucs. The.$c flights will
include low ]wrmc,abilily  balloon cnvclopcs  and GE()
satellite track ing.
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c~nclusicms and lnwhtkms

Rcvcrsiblc fluid, dual balloon systems have bczn
designed and tested in the l~arth  atmosphere.
Altitude oscillations have been observed and arc
beginning 10 bc characterized. A rcvcrsiblc  fluid,
dual balloon systcm  performance model has tin
dcvclopcd and is being modified bawd upon lCS1
results. These results give us some confidence that
rcvcrsiblc  fluid altitude conlrol  tc-chniqucs  can bc
succcssfull  y employed at Venus and other planets
to enable intensive in situ exploration of [heir
surface-s and atmospheres.

A.&nowlcdgmm

The research dcscribcd in this puhlicalion  was
carried out by the JCL Propulsion laboratory,
California Institute of Tczhnology, under contract to
the National Acronaulics  and Space Adminiswa[ion.
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